In the present work, the desilication of the H-ZSM-5 and H-ZSM-12 zeolites with Si/AL ratios of 28 and 56 and crystal sizes of around 200 and 600 nm, respectively, was performed. Through electron transmission microscopy analysis, it was possible to verify the influence of aluminium gradients on smaller crystals in addition to the exact moment at which the formation of mesoporous is initiated inside the zeolitic framework. Moreover, the crystal size exerts a significant influence on the total amount of acid sites remaining after alkaline treatment, as verified by means of temperature-programmed desorption of ammonia. This is because the presence of larger crystals during desilication may increase the likelihood of reinsertion of aluminium atoms in the zeolite framework and, consequently, maintain the same total amount of acid sites in the zeolite as before alkaline treatment. Meanwhile, aluminium atoms tend to be removed from smaller crystals, thereby decreasing the total amount of acid sites.
Introduction
In catalytic reactions with bulky molecules, the unique presence of micropores in zeolites can limit catalytic performance by restricting molecular transport within its crystals. Possible solutions to this problem would be to decrease the zeolite crystal size or to develop materials with larger pores.
The decrease in the crystal size reduces the path for diffusion of the reagents. However, zeolitic nanocrystals tend to aggregate and often present different properties when compared with traditional materials, such as lower stability and loss of crystallinity 1 .
On the other hand, the development of materials with additional porosity combines the advantages of the conventional microporous zeolites, which possess acidic catalytic functions and shape-selective features and are stable at high temperatures because of the crystalline structures, and the mesoporous materials with efficient mass transport 2 . Post-synthesis treatments based on the preferential removal of aluminium (dealumination) or silicon (desilication) from the zeolitic structure may leave vacancies with sizes of the order of magnitude of mesopores and/or macropores, depending on the intensity of the treatment.
Dealumination is performed by steam treatment at high temperatures or by leaching with acidic solutions. The treatment has the disadvantage of significantly altering the acidic properties of the catalyst due to the extraction of aluminium from the zeolite framework. In this case, the facilitated transport acquired by the introduction of mesoporosity is partially cancelled out by the reduced density of acid sites 3 . Still, desilication can be carried out through leaching with alkaline solutions. The alkaline treatment preferably extracts silicon atoms from the zeolite framework. It is a promising methodology for obtaining mesoporosity in zeolites, especially those with high silica content, since under optimal treatment conditions a considerable amount of mesopores are obtained without destroying the microporous structure of the zeolite; at the same time, the acidic properties of the material are preserved, since the amount of Al is not significantly altered, and in addition, the external area of the catalyst is significantly increased 3 . The Si/Al ratio of zeolitic structures is a relevant parameter in obtaining additional porosity by means of desilication. Groen et al. 4, 5 show that high aluminium concentrations (Si/Al < 20) prevent the removal of silicon from zeolites, thus hindering the formation of pores. However, structures with high silicon contents (Si/Al > 50) show excessive and unselective silicon dissolution, leading to the creation of relatively large pores. So, a framework Si/Al ratio of 25-50 enables a controlled mesoporosity development with preserved crystalline and acidic properties.
This behaviour occurs because of the kinetics of silicon extraction. Due to the negative charges of AlO 4 -tetrahedra, the hydrolysis of Si-O-Al bonds is hindered compared to the relatively easy cleavage of the Si-O-Si linkage in the absence of neighbouring aluminium tetrahedra 4, 6 . Thus, On the other hand, silicon is easily extracted from materials with a low amount of aluminium and can often cause excess mesoporosity or even the collapse of the structure depending on the desilication conditions. Despite the broad literature on the subject, the articles do not report the effects of desilication on crystals of different sizes [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . In this context, the main goal of this study was to characterize the ZSM-5 and ZSM-12 zeolites with different crystals sizes and Si/Al ratio ideal for the generation of intracrystalline porosity by silicon removal. Besides, it were evaluated the effect of the crystal size on mesopore initiation and the behaviour of the acid sites before and after the desilication using sodium hydroxide under varied conditions.
Experimental

Zeolites
ZSM-5
The parent ZSM-5 (Si/Al=28) was kindly provided by Cenpes/Petrobras. In order to obtain the protonic form of the zeolite, the solid was exchanged twice with an aqueous 1M NH 4 Cl solution at room temperature for 24 h. After the ion exchange, the zeolite was filtered and washed with enough deionized water at 80 ºC and then, after drying in an oven at 100 ºC for 12 h, NH 4 -zeolite was calcined in the static air at 550 ºC for 3 h to obtain H-ZSM-5.
ZSM-12
The parent ZSM-12 was synthesized according to the procedure described by Gopal et al. 17 . For the synthesis, tetraethylammonium hydroxide (TEAOH) was used as the template, colloidal silica (Ludox) as the silica source, and sodium aluminium oxide as the aluminium source. The preparation of the reaction mixture occurred through the dilution of the TEAOH and sodium aluminium in water followed by subsequent addition of the silica source, under agitation, until the solution became uniform. The resulting composition of the mixture was: The solution was then transferred to a Teflon-lined stainless steel autoclave and crystallization was carried out at 160 ºC under autogenous pressure in static conditions for 5.5 days. The product was recovered by filtration, washed with deionized water, and dried at 100 ºC for 12 h. The organic template was removed by calcination in the static air at 520 ºC for 4 h. In order to obtain the protonic form of the zeolite, the solid was exchanged twice with an aqueous 1mol L -1 NH 4 Cl solution at room temperature for 24 h. After the ion exchange, the zeolite was filtered and washed with enough deionized water at 80 ºC and then, after drying in an oven at 100 ºC for 12 h, NH 4 -zeolite was calcined in conventional furnace at 550 ºC for 3 h to obtain H-ZSM-12.
Desilication
Desilication was performed according to the procedure proposed by Sartipi et al. 18 with the aim of inserting additional porosity in the zeolites. The treatment consisted of stirring a certain amount of zeolite in a solution of sodium hydroxide (V alkaline solution /m zeolite = 30 cm 3 g -1
) at a specific temperature during a given interval. The system was then cooled in an ice bath and thereafter vacuum filtered or centrifuged in several cycles until a neutral pH was reached and the zeolite powder was separated from the solution. In order to remove sodium traces, the zeolites were ion-exchanged with 0.1 mol L -1 NH 4 Cl at 60 ºC for 1 h. The recovered material was kept in an oven at 100 °C for 12 h and then calcined in the static air at 550 °C for 5 h.
The conditions used in desilication are shown in Table 1 .
Characterization
X-Ray Diffraction
The X-ray diffraction (XRD) patterns were collected with a Shimadzu XRD6000 X-ray diffractometer using Ni-filtered Cu-Kα (40 kV and 30 mA) radiation with a diffraction angle º(2Ө) ranging from 5 to 60. All crystalline phases were determined by comparing the results with the diffraction patterns of the standards of the JCPDS database and articles available in the literature. The degree of crystallinity of the desilicated samples was determined through X-ray diffraction by the measurement of the areas of characteristic peaks at º2ϴ = ~23.08, 23.88 and 24.36° for H-ZSM-5 and º2ϴ = ~20.88 and 23.20° for H-ZSM-12 and comparison with the areas of the same peaks of a standard sample considered as 100% crystalline. 
Atomic Absorption Espectrometry
The Si/Al ratio of the materials in the calcined form was determined by Atomic Absorption Espectrometry (AAE) in Varian GTA 120 equipment. Prior to analysis, the samples were digested as follows: approximately 0.2 g of the sample was mixed with 0.5 mL of aqua regia (HNO 3 : HCl at 1:3) and 3.0 mL of hydrofluoric acid; then the solution was heated until became clear. The solutions were cooled and then 10 mL of water, 5.0 mL of 4% H 3 BO 3 , and 1.0 mL of hydrochloric acid were added. After further heating, the solutions were cooled, transferred, and diluted in 100 mL volumetric flasks. The solutions were then immediately stored in plastic bags prior to analysis to avoid the risk of contamination.
N 2 Physisorption
The N 2 adsorption-desorption isotherms were measured by Micromeritics ASAP 2020 equipment. The textural properties were determined by means of the adsorption and desorption of nitrogen at -196 ºC. Before measurement, the samples (ca. 100 mg) were treated in vacuum at 200 ºC for 12 h in order to ensure complete drying of the material. The BET surface area 19 was derived from the adsorption isotherm in the adapted relative pressure range of p/p 0 = 0.01-0.1. The mesopore size distribution and mesopore diameter of the zeolites were determined by the BJH method 20 following the adsorption branch of the isotherm. The total pore volume was obtained from the amount of nitrogen adsorbed at the relative pressure of about p/p 0 = 0.99. The micropore volume and micropore area were estimated by the t-plot method 21 .
Transmission Electron Microscopy
Transmission Electron Microscopy (TEM) was carried out using a JEM 1400 microscope. The analysis was carried out in order to verify the size of the crystals and insertion of additional porosity in the zeolites after desilication. The samples were prepared using a small amount of zeolite suspension in isopropyl alcohol. After the preparation, the suspension was kept for about an hour in an ultrasound bath with the aim of achieving maximum dispersion of zeolites in the medium. Then, a drop of solution was placed carefully on a copper grid (0.3 cm in diameter and 200 mesh from Ted Pella) covered with a carbon film. The grids prepared for analysis were dried overnight at room temperature and subsequently inserted into the microscope to obtain the images.
Temperature-Programmed Desorption of Ammonia
The number and strength of the acid sites on the surface of the zeolites before and after desilication were studied by temperature-programmed desorption of ammonia using a Quantachrome ChemBet 3000 instrument. The sample (100 mg) was pretreated at 300 and 500 ºC in N 2 (90 mL min -1 ) for 1 h, using a heating rate of 10 ºC min -1 , after which NH 3 -He mixture (5 vol % NH 3 ) was adsorbed at 100 ºC for 30 min. Then a flow rate of N 2 (90 mL min -1 ) was passed through the reactor for 2 h to remove weakly adsorbed NH 3 from the zeolite. Thereafter, desorption of NH 3 was monitored in the temperature range of 100-700 ºC using a heating rate of 10 ºC min -1 under flow rate of N 2 (90 mLmin -1 ). The amount of acid sites was calculated from the desorption profile of the NH 3 molecules, considering a stoichiometry of 1:1 (NH 3 :Al).
Results and Discussion
The synthesized and desilicated zeolites were characterized by XRD analysis as shown in Figure 1 . This technique is the most appropriate for the identification of crystalline phases, because in these types of structures the atoms are ordered in crystalline planes separated by distances of the same order of magnitude as the wavelengths of the X-rays. Comparing the zeolite diffractogram of H-ZSM-5 shown in Figure 1a with other standards available in the literature 22, 23 , it is possible to state that the material corresponds to an H-ZSM-5 zeolite with high crystallinity and without the presence of undesirable phases. The same conclusion can be reached on observing the zeolite diffractograms of H-ZSM-12, shown in Figure 1b 17, [24] [25] [26] [27] . The variation of the zeolite crystallinity and Si/Al ratios before and after desilication is presented in Table 2 .
The decrease in peak intensity after desilication is visible only in the H-ZSM-12 (D2) (Figure 1b) . However, in Table 2 is shown the decrease in crystallinity for all desilicated zeolites. The more severe the treatment conditions, the lower the intensities of the characteristic peaks in relation to the standard sample.
The decrease in the crystallinity of the zeolites after desilication occurs due to the removal of silicon from the framework, which leads to a disordering of the structural arrangement or a partial collapse of the structure in the desilicated regions 23 . The Si/Al ratio interval of the standard zeolites was very close to the optimal one (between 25 and 50) considered for desilication treatment 5 . After the treatment, the Si/Al ratio decreased in all the structures due to selective silicon extraction, as expected.
In addition, Wei and Smirniotis 6 showed that Si/ Al ratios between 31 and 58 in ZSM-12 are ideal for the development of uniform intracrystalline mesoporosity by means of desilication and simultaneous preservation of the acid sites, in agreement with the results obtained in the present study for this zeolite.
The N 2 adsorption/desorption isotherms of the standard zeolites and after desilication are shown in Figure 2 . All the zeolites presented type I isotherms, characteristic of microporous materials. In this case, adsorption occurs at very low relative pressures due to the interaction of the pore walls with the adsorbate. However, the presence of hysteresis, mainly in desilicated zeolites, suggests the presence of mesoporosity 28, 29 . This behaviour occurs because the desorption of adsorbate after saturation is complete is the opposite process to adsorption. However, desorption in mesopores generally occurs at relative pressures lower than those at which capillary condensation occurs, thereby leading to hysteresis.
Thus, the isotherms of the H-ZSM-5 zeolites presented H4 type hysteresis and the H-ZSM-12 zeolites presented H3 type hysteresis, which characterize solids formed by aggregates or particle clusters forming slit pores of uniform (H4 type) or non-uniform (H3 type) size and shape.
The presence of additional porosity due to the desilication process could be confirmed by the distribution of mesopore size presented in Figure 3 . This suggests that the insertion of additional porosity in the zeolites occurred, mainly in the mesoporous range (2 to 50 nm). The more severe the treatment, the greater the insertion of porosity. However, most of the material still has microporous features, as discussed earlier.
The texture parameters of the zeolites studied are shown in Table 3 . In general, there was an increase in the surface area and volume of mesopores after desilication, but the volume of micropores was little affected. Therefore, the total pore volume of the zeolites was increased as a consequence of the treatment and there was greater accessibility to the internal zeolitic space.
Despite the high degree of mesoporosity after the desilication treatment, the microporosity of the H-ZSM-5 and H-ZSM-12 zeolites was maintained. This justifies the occurrence of the characteristic isotherms of microporous materials in both the untreated and alkaline-treated zeolites.
Moreover, the higher the concentration of the alkaline solution, the greater the insertion of mesoporosity in the structures; also, the higher the treatment temperature, the greater the presence of mesopores. In the latter case, the higher temperature enables the extraction of a fraction of silicon atoms that would be stabilized by the neighbouring aluminium atoms at lower temperatures 4 . TEM images of the standard and desilicated H-ZSM-5 are shown in Figure 4 , in which is possible to visualize the crystals presenting hexagonal plate shape and dimensions of approximately 100 × 200 nm. Moreover, it is evident that the more severe the treatment, the greater the insertion of porosity inside the zeolitic framework. This behaviour probably occurred due to the excess of aluminium on the surface and protection of the neighbouring silicon atoms by the negatively charged AlO 4 -against the attack of the OH -groups, thus leading to the formation of intracrystalline pores 30, 31 . It has already been shown that in larger crystals (above 1 µm) the desilication started inside the crystal due to the higher occurrence of aluminium near the external surface of Table 2 . Crystallinity and Si/Al ratios of the zeolites before and after desilication.
Zeolite
Crystallinity ( Micropore area determined by the t-plot method. the zeolite 30, 32 . However, Figures 4a and 4b show the exact moment when the formation of the mesopores is initiated, demonstrating that even in smaller crystals the formation of mesoporosity also begins inside the structure. This highlights the influence of the aluminium gradients even in smaller crystals and complements the study by Groen et al. 31 , which showed an influence of the gradient only after treatment.
In general, the generation of pores in the zeolites through the desilication resulted in short intracrystalline diffusion pathways, with larger pores connected to the outer surface of Materials Research the crystals (Figures 4c and 4d ) which were distributed evenly in the structure. This behaviour favoured the maintenance of the microporous properties and characteristic structure of H-ZSM-5, as observed in the XRD and adsorption/ desorption of N 2 .
TEM images of the standard and desilicated H-ZSM-12 are shown in Figure 5 . Due to the cubic form of the H-ZSM-12 crystals, with edge lengths approximately equal to 600 nm, it was not possible to find less dense regions in which the pores that formed after the desilication could be viewed. However, the insertion of pores was confirmed by means of the N 2 physisorption analysis, as discussed earlier.
In addition, Groen et al. 33 have already shown that desilication is only inefficient for crystals larger than 3 µm, due to limitations in mass transfer during the process or the occurrence of aluminium gradients, resulting in more resistant particles.
Through the analysis of temperature-programmed desorption of ammonia, the total amount of acid sites and the distributions of weak and strong acid sites of the zeolites before and after the desilication were obtained. The calculated values are shown in Table 4 .
In Table 4 is shown the decrease in the relative amount of strong acid sites accompanied by the increase in the relative amount of weak acid sites as the samples are desilicated under more severe conditions. The decrease of the strong acid sites indicates that the desilication also causes the removal of tetrahedrally coordinated structural aluminium 34 , while the increase in weak acid sites is due to the transformation of some framework aluminium into extraframework aluminium during the removal of the silanol groups for the generation of mesopores 18 . In addition, the total acidity of the H-ZSM-5 decreased gradually as the zeolites were desilicated in harsher conditions, which is a direct indication of the concomitant removal of aluminium from the zeolitic framework 35 . However, this behaviour did not occur with H-ZSM-12, which kept the total acid sites practically constant even after the alkaline treatments. This suggests the transformation of the strong acid sites into weak acid sites in H-ZSM-12, whereas in the H-ZSM-5, part of the aluminium was indeed removed from the zeolitic framework.
The results suggest the probable removal of aluminium atoms from the zeolitic framework after desilication when the crystals of the zeolite have a reduced size, as in H-ZSM-5, since the amount of acid sites decreases after treatment. Meanwhile in larger crystals, as in ZSM-12, most strong acid sites become weak acid sites due to the reinsertion of aluminium into the structure, since in this case the total amount of acid sites remains constant after treatment. In the latter case, the aluminium atoms must go through longer diffusion paths to be effectively removed from the crystal, providing a greater probability of occurrence of realumination during these paths.
Conclusions
The present results confirm that even in crystals of reduced size, the occurrence of aluminium gradients is so significant that it leads to the start of generation of mesopores in the interior of the crystal. Until now, this behaviour has been evidently proved only in crystals of larger size (above 1 µm). Moreover, crystal size exerts a significant influence on the total amount of acid sites remaining after silicon removal. This is because in larger crystals (approximately 600 nm) there is a greater probability that the aluminium atoms removed during the desilication are reinserted into the zeolitic framework, since the atoms must pass through longer diffusion paths to be effectively removed from the structure. Thus, in larger crystals, there is a greater tendency for the total amount of acidic sites to remain constant after desilication.
